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PREFACE

Interest in and concern about the problem of climatic variation

are growing, because of the realization that earth'a climates are

undergoing changes that can exert a profound and irreversible influence

on human life. It is now considered essential that we explore the

mechanisms of climatic variation by developing numerical climate models,

with special emphasis on the climatic effects of boundary layer (BL)

phenomena.

Parameterization techniques are used to incorporate BL processes

in atmospheric general circulation models (GCMs), which serve as tools

to study climatic changes. But it appears that owing to preoccupation
with the treatment of various other physical and m~athematical featuresj

of GCMs, BL processes have not received the attention they deserve.

It is now realized that more research is nec...ssary in this direction,

because, on the time scales relevant to climatic changes, B!- turbulentI

exchanges (in addition to other physical processes) are very important

in governing the evolution of large-scale processes. We therefore need

SIt,3 be able to test systematically the elements of our understanding of4

parameterization hypotheses.

This report surveys existing BL formulations that furnish theI. basis for parameterizing tl.-e 1ýT in atmospheric circulation models. Be-

sides describing BL theories, the report discusses problems encountered

in applying the conventional theories to low latitudes and to the atmos-

phere over oceans. A separate chapter is devoted to the determination

of BL height, because recent research has indicated that this is the

basic parameter of boundary layer parameterization.

This report is a technical. contribution to the broader activities

of the Rand Dynamics of Climate Program, sponsored by the Defense Ad-

vanced Research ProjectR Agency and directed to the systematic study of

climate variations. Two related Rand publications by the present author

are:
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* NumerioZ #eariments on the Computation of Ground Surfaoe

Toiiperatuse in a•. Atmoopheric Circulation Model, R-1511-ARPA,

May 1974.

* rameterization of the Planetary Boundary Layer in Atmos-

pheric General Circulation Model-s--A Review, R-1654-ARPA,

March 1975.
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It is generally recognized that the boundary layer (BL) is one of

the major energy sources and momentum sinks in the atmosphere. Re-

search on BL dynamics therefore has an important bearing on many atmos-

pheric problems. More emphasis is being placed on the study of the

interaotion between large-scale atmospheric dynamics and BL processes.

That interaction is particularly important to researchers attempting

to use dynamic methods to study the more comprehensive and pressing

problem of climatic variation. The problem involves the most important

question of all: the predictability of climatic change, whose determi-

nation requires the use of dynamic models.

Atmospheric general circulation models (GCMs) are being used as

research tools to test hypotheses and to predict climates. The last

few years have seen concerted efforts to improve both simulation model-

ing and the long-range prediction of climate and its variation. A

significant phase of that improvement has resulted from the effort to Ii
understand, in addition to other processes such as convection and radi-

ation, how and to what extent BL turbulent exchanges govern the evolu-
tion of large-scale proceases. In fact, one of the most formidable

problems confronting atmospheric scientists is the whole question of

determining how smaller-scale conditions (such as BL turbulent fluxes)

are excited by large-scale conditions and in turn alter them, i.e., the

question of "parameterization."

This report surveys the parameterization "theories" used in various

atmospheric models. There being no comprehensive fundamental theory of

parameterization, various semi-empirical theories have been used. Essen-

tially, they try tc relate horizontal stress, heat flux, and moisture

flux at the earth's surface and upward through the BL to the external

(free atmosphere and underlying surface) parumeters.

The so-called K-theory has been widely used for parameterizing BL

processes in atmospheric numerical mouels. The assumptions are related

to the form of "internal" quantiLies, such as eddy coefficient as a

function of bulk parameters (stability, for example), and the relevant
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equations are solved usjnj, appropriate boundary conditions. Though

based on tare or less arbitrary assumptions, this theory has enabled

us to gain considerable insight into the behavior of BL processes in

the atmosphere.

The similarity theory is based on the hypothesis that the turbu-

Jent regime is unau'.iguously defined by the values of the paramkleter U,,

the friction velocity; g/e, the bunyancy parameter; Q, the vrtica2

heat flux; and f, the coziolis parameter. The last one m.kes it -oan-

inglesa to apply this theory near and at the Rquator. Generu3'y, tt,^

results of treatment of the BL by similarlty theory slmw saisfaoqryj

agreement with observations. However, sqzablkx disci:'pant tes occur be-

tween the results of different authors conct.rnio the value,\ of "univer-
sail' constants and "universal" fi~nctions of the theory. Thesetdiscrep-

ancies arise becruse the theory has been developed for homogeneoue

barotropic and steady-state conditions, which are rarely found in the

real atmosphere. The basic theory has now been made more general by

taking into account the nonstationarity and influence of baroclinicity.

Another generalization has been made by using, in place of conventional

scale height U,/f, a BL height h that varies in time and space.

On the basis of observations, it has been found desirable to de-

termine h through a rate equation for unstablL convection BLs. The

use of a rate equation is based on the entrainment hypotheiis. which

is applied at the top of the BL. So far, however, rate equationE have

not been considered appropriate for stable BLs. The entrainment, hypoth-

esis has been developed basically for cloud-free BLs, though there ha-9

been attempts to incorporate effects of radiative fluxes on BLs with

clouds within them. To apply the e•ntrainment concept in pra.tice, it

is necessary to use a closure assumption that essentially relates the

heat flux at the top of the BL to that at the tmderlying surface.

It is difficult to treat the BL at low latitudes, including the

equator, because none of the existing theories are applicEble to those

regions owing to the presence of f, the coriolis parameter, in almost

all basic formulations. There is no alternative but to use the exist-

ing schemes in some modified form, however, since no schEmes have bet -

designed specifically to handle the low-latitude BL prollems.
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The treatment of the marine BL, on the basis of existing theories,

also presents a peculiar problem related specifically to the deteraina-

tton of "roughness" of the oceau surface. The r.fects of ocean currents

on momentum sources also are to be considered. Inasmuch as the oceanic

surface, through its supply of heat and moisture, strongly affects mtmos-

pheric 2rocesses, concerted research on parameteriuing the marine DL is

urgently needed.

Existing theories have been useful for regional and other restricted

studies, but are likely to be inadequate for global models. It is hoped

that this survey will stimulate further application of seri-empirical

theories of the BL to global models. This may be achieved by putting

together all available parameterization schemes in a GCM and then esti-

mating the advantages and deficiencies of different approaches through
systematic numerical experiments.

I

Ii
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SYMBOLS

C(U), D((P) universal nondluenstrinal functions

CD geostrophic drag coefficient u i s

CH heat transfer coefficient lse et.Hlaws, etc.

CE moisture transfer coefficient ) ji
C specific heat of air at constant pressure
p

E moisture flux (E - surface moisture flux)
0

f coriolis parameter

G geostrophic wind

C surface geostrophic wind

g acceleration due to gravity

HT height of tropopause

h height of the boundary layer **1
K eddy diffusion coefficient (KM for momentum, KH for

heat, KE for moisture)

k von Karman constant

L Monin-Obukhov length

9. neutral mixing length

Q heat flux (Qo surface heat flux)

q mixing ratio of water vapor

q.., scaling moisture

R surface ROS-L" number

0

RC critical Reynolds number

Ri critical Richardson number
C

Ri bulk Richardson number
L



H -xii- J K
Ri Richardson number

S virtual static energyvI
U -borizontal wind speed

:U* friction velocity

large-scale vertical velocity at the top of the•!•: :!boundary layer

WE entrainm,,t velocity

W* mixed layer convective scale

za height of the top of constant flux layer

C • angle between surface stress and free atmosphere
wind at the top of the boundary layer

YCG; countergradient heat flux
lapse rate above the mixed layer

stability parameter - kU.

S�nondimensional wind shear

p density of aid.

T stress (o surface stress)
0

9 potential temperature

6* scaling temperature I

virtual poteutial temperature

. .



Chapter 1

INTRODUCTION AND BACKGROUN

SIGNIFICANCE OF THE ATMOSPHERIC BOUNDARY LAYER
IN ATMOSPHERIC CIRCULATIONS

As our knowledge about the larger-scale dynamics of atmosphere

grows, more emphasis is being placed on the study of atmospheric bound-

* ary layer (BL) problems, with a consequent emphasis on the interaction

bctween these two scales of processes. This is particularly important

as the more comprehensive problem of clima~te is studied by dynamic

* ~methods. BL remsearchers must review their understanding in the con-~

text of this interaction, while people studying larger-scale processes

must think of the BL as an inherent part of the problem. The point

deserves emphasis because there has been an apparent trend to treat BL

development as a closed or quasi-closed problem, and use research find-

ings only to provide lower boundary conditions for the free atmosphere.

Furthermore, many large-scale dynamicists hold the view that a suffic-

iently detailed model of atmosphere can generate its "own" BL, and that

it is not ne!:essary to include the BL (as a part of the troposphere) as

an input to the free atmosphere. It therefore will be judicious to apply

a brake to these trends and study the role of the BL in the atmospheric

general circulation in a composite and comprehensive way.

It is generally accepted that the BL is one of the major energy

sources and momentum sinks in the atmosphere. This layer plays a vital

role in the exchange of momentum, heat, and moisture between the earth's

surface and the free atmosphere. Computations by Kuug (1969) suggest

that almost one-half of the atmosphere's kinetic ener~gy is lost (dissi-I

pated) in the BL, and Wilkins (1963) estimates that, in relation to the
entire troposphere, 90 percent of the energy dissipation occurs in theI
lower km. The atmosphere also receives much of its sensible heat and

virtually all of its water vapor through turbulent processes in the BL,

which eventually influence the formation of weather disturbances. The

role of the EL in cumulus convection associated with fronts, tropical

storms, and cloud clusters haul also received considerable attention.

At

* *. *.*
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It is generally believed that cum,,lus convection is primarily induced

by the frictional veering of wind l.e the AL. The so-called CISK mech-

au a (Conditional Instability of Second Kind), which is also induced

by frictional convergence in the BL, has been regarded as necessary for

the intensificztion of tropical storms. Over the oceans the top of the

B, has been observed to be close to the base of cumulus clouds. Oceanic

cumuli awe their existence to subcloud layer convergence, believed to

be formed by mechanical turbulence *7ithin the BL.

Turbulent motion in the BL is a very effective mians for the

transport of momentum, and this momentum flux from the atmosphere onto

the earth has considerable influence on the evolution of weather systems.

And since one major goal of meteorological research is to improve long-

term (a week or more) weather forecasts and then use the new techniques

to study olimatich oanges, it is imperative that we acquire a better

understanding nf BL dynamics, including energy dissipation and all

fluxes. Currently, long-term forecasts are based on subjective (syn-

optic) methods and operationaZ numerical models. The former tend to

become unreliable after 2 to 3 days, and the latter leave &,tch to be

desired after 5 days or more. These deficiencies are direci y related

to the relative time scales of energy exchanges within the troposphere

vis-a-vis turbulent fluxes throuwh the BL. For example, the reaction

time of the atmosphere to turbuZent fluxes of heat and moisture -Is about

3 days, to kinetic energy dissipation or to latent heating about 1 day,

and to radiative fluxes about one week. In view of the significant

influence of non-adiabatic effects, which are related to turbulent

fluxes of heat and moisture through the BL, we can expect significant

improvements in long-range forecasting for two days or more only if BL

processes are well understood.

Even though the most important energy transactions take place at

the earth's surface, we cannot simply prescribe boundary conditions of

surface characteristics such as roughness, temperature, and moisture,

and thei compute the input of energy to the atmosphere. We canno- be-

cause the atmosphere itself reacts on the surface, and therefore partly

controls the boundary conditions and the energy transfers that occur

there. By virtue of. the interaction between small-scale and large-

scale atmospheric processes, the study of turbulence in the atmospheric
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BL is an essential factor in studying the physical principles of long-

range weather forecasting as well as the theory of climatic change.

PURPOSES OF THE RWBPORT

The purposes of this report are:

* To present an up-to-date survey of the theories that

have been used to parameterize the eddy fluxes of

momentum, heat, and moisture, with their limitations,

* To discuss the determination of the height of the BL,

considered to be the basic parameter of BL parameter-

izatton, and

i To discuss the specific problems encountered in the
treatment of the BL in low latitucles and over oceans.

DEFINITIONS AND GENERAL CHARACTERISTICS OF THE BOUNDARY LAYER

The BL has been variously defined in the literature. For example,

it has'been defined in general terms as:

0 That portion of the lower atmosphere in which the wind

deviates from gradient or geostrophic flow because of

the retarding influence of surface friction.

* The region adjacent to the earth's surface where small-

scale turbulence is induced by wind shear and/or thermal

convection and occurs almost continuously in space and

time (Deardorff, 1972a). (Small-scale turbulence is

intermittent beyond the BL.)

* The region near the surface in which turbulence, of a

scale not much greater than the scale height, carries

significant flxes oi heat, momentum, water, etc.

(Charnock and Ellison. 1967).

* A region where surface effects remain important but are

ao longer completely dominant (Kraus, 1972). This defi-

nition is wider than generally suggested; it includes

regions in which vertical fluxes of momentum, heat, and
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moisture determine the vertical distribution of these

properties. It is implied thereby that there are as

many BLs as there are transported properties. However,

the various fluxes are coupled with each other such

that the BL usually can be represented by a singl~e ?.cyer

in which surface effects remain significant.

As these definitions indicate, the term "boundary layer" applies

to a layer of air above the earth's surface in which significant fluxes

of momentum, heat, moisture, and matter are transported by turbulent

mntions. This definition allows for the inclusion of transport brought

about by penetrative (cloudy) convection, which, in the limit, could

apply to cumulonimbus clouds. Thus turbulence does occur in cumulus

clouds and along frontal surfaces that separate air masses. But since

these features are ceasidered to be mesoacale explosions (through t. .eI

BL) into the free atmosphere, and are more random and sparsely scattered,

the turbulence associated with them is usually excluded from BL, which

(unlike the rest of the atmosphere) is continuously in turbulent motion.

In the literature the most commonly used terms describing the I
resolution of the BL into various layers are

0 Interfacial layer,

0 Surface (or constant flux) layer, and

0 Ekman layer.

*The interfacial layjer is the region at the earth'sa surface that

includes the Immediate neighborhood of a land or water surface. The

processes within this layer are not well understood, particularly at

an air-water interface. However, considering that the fluxes throughI
the BL must be estimated from conditions in the interfacial layer, more

research is urgently needed to study it. For example, while the rough-

ness parameter over land has been assumed to be independent of external

parameters, we still do not know how to distinguish between aerodynamic

roughness and topography. This knowledge, if available, would be useful

for global circulation models, which have to consider land surfaces of
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varying complexities. The problem of specifying the roughness param-

eter for ocean surfaces is still more complex. In this case the rovigh-

ness length camot be directly associated with any geometric parameter.

It has been suggested that it may be related to the slope of capillary

or short capillary gravity waves interacting with the wind (Kraus, 1972).

Roughness over the ocean also varies with the fetch and direction of

the wind.

The surface (or oonstant fluz) layer extends fram immediately

above the earth's surface to a depth of some tens of meters. As its

name implies, the vertical fluxes of momentum, heat, and moisture are

invariant within this layer. Thcugh based on inconclusive observa-

tional evidence, "surface layer" has also been defined as the layer in

which the vertical integral of the time variation of temperature over

the layer is small (<20 percent) compared with the magnitude of the

heat flux (Lumley and Panofsky, 1964). The concept of constant flux

layer (Ca) is useful because it permits us to estimate the value of

this flux from observations of the transported quantity at varying

distances from the surface--for example, at tha surface and at a level I

(usually anemometer level) within the CFL. In fact, this layer has

been studied much more comprehensively than the BL as a whoZe, and there

now exists a reasonably satisfactory description that is partly theo-

retical and partly observational. The transfer properties of turbulence

within the CFL are better defined for near-neutral and unstable condi-

tions than for stable conditions.

The Elnan layer is thicker than the constant flux layer and may

fill either a part of or the entire BL. In a classical sense, it is

the region where the vertical flux of momentum is of the same order of

magnitude as the coriolis and the pressure gradient forces; this essen-

tially implies a steady-state, barotropic situation. In the real atmos-

phere, however, the conditions are often infringed by synoptic scale

evolution of the pressure field, as well as by the diurnal variation of

the radiative heat flux, both of which alter thermal stratification

and thereby affect turbulent fluxes and the wind. Nevertheless, though

the classical Ekman BL is rarely observed in nature, its concept may

be applicable for certain conditions such as the presence of a dense

cloud cover, which greatly reduces diurnal variations in the BL.

4:



"-6-

BASIC EQUATIONS USED IN BL NUMERICAL MODELING

The ensuing description follows that given by Estoque (1973).

Numerical models enable us to examine the relative i.,ortance of ex-

ternal factors and internal processes in determining the behavior of
the planetary BL. The external factors or parameters that must be

considered are the large-scale synoptic conditions and the properties

of the underlying surface of the earth. The internal proceses are

the ve-rious transport processes, the most important being the eddy

transport along the vertical. In general, the large-scale synoptic

condition is specified only in terms of the geostrophic wind, G(z)

(or the corresponding large-scale horizontal pressure gradient VpL);

in some cases it is necessary to specify the large-scale distributions

of potential temperature, eL(a), and the mixing ratio, qW(z). Terrain

properties considered are the roughness parameter (zo), the temperature

(T), and the mixing ratio (qo), all of which may vary along the

horizontal. I
The basic problem in numerical modeling is to determine the space-

time variations of the variables (wind, temperature, and moisture) that

describe the BL as functions of the different external parameters. So ii
far, generally, the two-dimensional problem (no dependence along one

horizontal coordinate) has been treated more extensively than the three-

dimensional problem. In mathematical terms, a rather general formula-

tion of the two-dimensional problem is as follows:

GIVEN: G(z) or VPL, OL(z), qL(z)

z(x), T(x. t)0 qo(X, t)

TO FIND: V(X , t), w(x, ZS 0, 0(X, Z, t)

T(x, z, t), p(x, z, t), q(x, z, t)

Here, the subscript "L'" denotes the value associated with the large- $

scale synoptic flow patterns, while the subscript "o" refers to the

value at the eartb surface. Each unknown variable, which may be re-

garded as the sum of the large-scale value plus a perturbation induced
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by BL processes, must be calculated in the layer between the surface

and a height h. Ideally, the value of h, which we define to be the

height of the BL, should be infinitely large. For most practical pur-

poses, hawe&:er, it is sufficient to assume that h is of the order of

one kilometer.

The set of two-dimensional equations that must be solved are:

3T

av av av fu + __X (1.2)
Tp U TX WT PB az(1)

Be Be a a(
S= u •+S (1.3)

?-• h - U + ! (F) + S (1.4)
at ax az az q q

au + • 0 (1.)
ax 5Z

(1.6)
az RT

R/Cp

O-T(•- (1.7)

These equations are based on the assumption that variations of dependent

variablcs along y are zero. Most of the notation is customary. The

quantities T, Ty, Fe, and Fq represent the eddy fluxes of momentum,

heat, and water vapor; S and Sq are the internal sources of heat and

water vapor. The density in the pressure gradient term is assumed to

be constant. If the eddy fluxes and the internal sources are specified

in terms of the unknown variables, they the equations form a closed set.

Boundary conditions are to be specified at the earth surface (as-

sumed to be effectively at z = z ), at the upper boundary, and at the

lateral boundaries. The usual lower boundary conditions are as follows:



T nT(xt) or 6-8 (X. t)0

q q•,(x, t1

The specification of the lateral and the upper boundary conditions is

arbitravy to some extent, and ma~v depend on the particular problem

being considered.

Initial conditions involve specifying $(x, a), O(x, z). and
q(x* a) at time t - 0.

f: I
iI
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Chapter 2 i

APPLICATION OF K-TEOR_ TO BOLIDARY LAYER PARAMETERIZATION

Atmospheeic perturbations depend on spatial and temporal varia-

tions of heat and moisture flhx from the underlying surface. The A

relevant cransports across the BL are carried by finite-amplitude,

three-dimensinal perturbations. Since it is not practicable to deal

simultaneously with BL perturbations and the large-scale circulation&

of the atmosphere, the former effects therefore are expressed as func-

tions of pa'?eters, which in turn can be determined from a knowledge

of large-scale motions. According to K-theory, this can be achieved

by replacing molecular diffusivity with a stipulated variable eddy

viscosity, K, in the classical laminar flow equations.

For parameterizing the BL (as per K-theory concepts), the atmos-

phere is usually divided into two layers: (a) a surface (or coastant

flux) layer and (b) the so-called Ekman layer. Parameterization thus

involvea first modeling the fluxes at the surface, and then the turbu-

lent diffusion of properties (from :he top of the surface layer) through

the upper Ekinan layer.

TREATMENT OF THE SURFACE LAYER

The surface layer usually extends from the top of roughness ele-

ments (z - z ) to the top of the constant flux layer (z - zs), which

usually represents the lowest explicit model level. The quantity zs

can take on values up to a few tens of meters; it iv usually made to A

coincide with anemometer level (-' 10 m) and is kept fixed. Estoque

(1963) used a value as large as 50 m for zs. However, Sasamori (1970)

used variable depths for the constant flux layer from the formula:

(Z) 2  TM(K)z (2.1)
s

where TM is the response time and K is the diffusion coefficient at

z Z z; the formulation shows that depth is large when the intensity

of transport is strong.



F 'i fundamental equations itb-n the layer of thickness z are:

• a(K ") D (2.2)

whoig re' K. are, respectiveiy, eddy diffusior- coefficients of

oumntum, heat, and moisture. Businger et al. (1971), Yamamoto and
Shimanuki (1966), and Estoque and Bhumralkar (1969) have given formu-

lations that determine the velocity, temperature, and moisture profiles

in the surface layer over a wide range of diabetic condit4 ons. These

have been used in various studies of tt 1e atmospheric BL, both local

as well as general circulation. Notable among these are Sasamori (1970)

(microscale), Delsol et al. (1971) (GCM), Deardorff (1972a) (GCt), and

Pielke (1974) (mesoscale sea breeze). Formulations "y Businger et al.

(1911) are based on a large number of direct measuremnts of both heat

and momentum fluxes under both stable and unstable conditions. Their

formulations are:

U, z = 1

and unstable case (2.3a)

kz U, 1' g K
-- (1 - 90-

and

kz all-
U, z (1 + 4.7E) stable case

(2.3b)

kz U, KM + UG, may be replaced

(UO,) 9z =% by (-w--O)

lK 1



The ratio Km/Ka equals 0.74 and is based on observations of Businger
et al. (1971). In the above exprevalons,

(2 + ao) U-
L " 0- where L - -

L k (U*O,)

Deardorff (1972a) suggests that Eqs. (2.3a) and (2.3b) are more con-

venient to integrate in term of familiar functions than the so-called

K•YPS (Lumley and Panofsky, 1964) formulation.

Yamamoto and 3himanuki (1966) develuped velocity and temperature

profiles in the surface layer under various stability conditions. The

omentum exchange coefficient K near the ground is given by

kU*Z

KM k(1•1 (2.4)

where is a nondimensional wind shear given by

ki a c a s 2 Bte•abZe conditions

$i - -, in ail casr 2tabe conditions (2.5)

is a function of nondimensiontl height, i, given by

zI

where
-U- 0ou1

- (2.6)

S mean 0 for the layer

a - empirical constant = (15 ± 3)

L
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The values of U* and 0, are determined from

U kU

I 1 1,2 in (2-7)
en d- O(:o)) all cases

W, (1&1~) - G (JEo1))

where G and G2 represent profile funttiona obtained as a function of

I 1.* i.e.U(-,). The nondimensional height I1 iVi given by

The values of and G for particular values of have been

tabulated by Yamamoto and Shlmanuki (1966), and relevant values for I
and GC can be obtained from interpolation formulas developed by

Shimanuki (1969). The relative error, using these approximate rela-

tionships, does not exceed 0.4 percent for unstable and 0.6 percent

for stable conditions.

The formulations for moisture profile in the surface layer are

analogous to those for temperature. The diffusion coefficients for

8 and q in surface layer can be obtained from K by

%r K E

where the variable B (taken as 1.35 by Businger at al. (1971)) may be

obtained in terms of dimensionless wind shear from

• •- for neutral and unstable cases

and

B - I for stable cases
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Estoque and Bhumralkar (1969) computed the wind, temperature, and

moisture profiles in the surface layer from the following equations:

ez 0+ - n()-}(2.8)

q + {n (z (1 + a S )

where S is the stability parameter, !

__ , (z + Zo_ k zz

0 .

1e

•c is an empirical constant, and the other variables have usual mean- .

c0

iing. These expressions incorporate the effect of thermal stratifica- i I
tion somewhat differeaitly than does the so-called KEYPS formulation
(Lumley ar, d Panof sky, 1964) aind appear to fit empirical data better

I over a wider range of diabatic conditions.

In all the formulations described above, U,, 0,, q, the integra-

tion constants, are related to the fluxe8 through the 8wrface layer,
which are given by

Kq a

a0

• And since the surface layer is characterizead by constant fluxes in thewvertical, these are also luxes at z - z, the top of the surface layer. p

•.eIn all the preceding formulations, z over land surfaces should

t''A

i.be presented realistically as a function of essentially aerodynamic

t st
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roughness. The values of 20 to 70 cm for most land surfaces have been

suggested by Fielter et al. (1971). However, over water, z° cannot be

associated in any direct way with the mean surface height or some geo-

metric parameter. Charnock (1955) has suggested that z is a function

of surface stress and thus

r 2
z=- , *(2.9)0 9

a being a proportionality constant. Clark (1970) used this formula to

obtain z° by using a - 0.032, and he stipulated that

(z) > 0.0015 cm (2.10)0 water

)ne may use a graph compiled by Deacon and Webb (1962) to determine a

functional form of z over water.

TREATMENT OF THE KOMAN LAYER

Specific detailed formulation of K for the portion of the BL above

the surface layer has been suggested, among others, by Estoque (1963),

Yamamoto and Shimanuki (1966), Deardorff (1967), Zilitinkevich et al.
(1967), Estoque and Bhumralkar (1969), and O'Brien (1970).

All K formulations involve the assumption that turbulent transports

a-e proportional to the gradient of the transported properties. For

example, K for momentum for a neutraZ condition is given by

t2[(u)2+(3v, IKM it + (2.11)

where t io the so-called mixing length, and u and v are horizontal com-

ponents of wind. In the following discussions, K, and K% (which are

not independent quantities) are considered to be related to each other

through the following relation suggested by Businger et al. (1971):

KR
- 1.35KM

IA
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However, because there is considerable controversy about this value,

it should be treated as tentative. Various authors have discussed

the vertical distribution of K. Whereas veil-known and accepted re-

sults are available for specifying K(z) in the surface layer, the

prescription of K in the Ekman layer is not quite clear, particularly

for numerical models in which a large range of stability is expected.

It is generally assumed that, within the Ekman layer, K increases to

a certain maximum and then decreases in the upper portions. Estoque

(1963) used this type of vertical distribution for K in a successful

numerical study of the BL. His results compared very favorably with

observationa of the Great Plains Field Program. At the top of the

surface layer (50 m), K was estimated from the results of surface-

layer formulations; above this it was assumed to decrease linearly

and reach zero at the top of model atmosphere. The main drawback of

this profile for K (in the Ekman layer) is that it fails to take into

account any variable factors, such as lapse rate and wind shear, which
can affect K. Yamamoto and Shimanuki (1966) suggest that K (given by

Eq. (2.4)) holds throughout the Ekman layer and thus

K'k ( + TIT6) for unstable conditions

(2.12)

( L2 k2z2 U a9
k 2  '- zI for stable conditions

(See Eq. 2.6.)

Here a is an empirical constant (Eq. 2.6) and p 1/6 is another empir-

ical constant introduced by Yamamoto and Shimanuki. Estoque and

Bhumralkar (1969) have suggested the followirQ generalized version of

an expression devised by Blackadar (1962)

k2 (l - a S) for uastable case
K- (- c (2.13)

12 U Sfor stable casez- (1 + ac)fo
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where
k(z + z) k(z + z)

kf(z + z ) 0)k(z + z (2.14)
1+ 0+ 0

27 x 10 U
(zS)

and S, the stability parameter,

ao

lazi

aU . a " u 2 /( v2

azJ D \az/J

a c is an empirical constant (see Eq. (2.8)). Zilitinkevich et al.

(1967), on the basis of dimensional argument, suggest that

K-2 +az ½T
2 + _• 2 .l3 (2.15)

where

-. kz X(the asymptotic value of k at large z) - 3+•_-kz 3 •S+ f x 3.7 x 10

(2.16)

It may be noted that the expressions for I in Eqs. (2.14) and

(2.16) are similar except for some slight variations in the constant. I
It is also clear that the effect of stratification on K (Eqs. (2.13)

and (2.15)) arises primarily from the buoyancy term and not from 9,,

which is for the neutral case.

O'Brien (1970) proposes a functiunal form of the eddy coefficient

K. The values of K and their derivatives, with respect to zs (height

of top of surface lover) and h (height of BL), are used to derive a

lHermits-interpolating (third order) polynomial given by



-17- i

K(z) - K(h) + - K(z)[ - K(h) + (z - z3) s ( Zi
+ h - h'j" (2.17)

and analogous formulations for K for 0 and q. Here it is assumed that

•(aK 0 i.e., the eddy flux divergence is zero.
kaZlh

The values of and KH at z., the top of the surface layer, are

determined from

kUzs
LA(zs) " ¢±(lI;, I) (from Eq. (2.4))

and i

K)(z.)
I)fcr unstable case

KM(zn) for stable case.

Here nondimensional height Itz is given by

5

ItZ
where L* is given by Eq. (2.6).

The value of the diffusion coefficient at the top of the BL (h) -41

may be assumed to be zero (Sasamori, 1970) or be arbitrarily specified q

(Pielke, 1974). This is done essentially to prevent significant turbu-

lent mixing above h. Deardorff (1971) found that KM obtained by using

Eq. (2.17) gave too large values at intermediate heights compared with

the values in the surface layer.



-18-

EFFECT OF THERMAL WIND AND STABILITY ON WIND PROFILE IN THE EL

Among other assumptions, the formulations discussed above assume

that the large-scale pressure gradient is constant with height.

Blackadar (1965), Venkatesh and Csanady (1974), and others have modi-

fied the barotropic K-theory to include the more commonly prevailing

baroclinic conditions. According to Blackadar (1965), to incorporate

thermal wind effects it usually suffices to consider pressure gradient,

which varies linearly with height. In terms of geostrophic wind, this

implies that

G +

where is the surface geostrophic wind and TH is the vector thermal
0

wind.

Blackadar (1965) and Blackadar and Ching (1965) have obtained

numerical solutions of BL equations for the following conditions:

(i) neutral and barotropic

(ii) stratified and barotropic, and
(iii) neutral and baroc~nio.

Figures 1 and 2 show comparative results for (i) and (ii). One

can see that instability increases the surface stress and decreases the

cross-isobar inflow angle of the surface wind. Figures 3 and 4 show

comparative results for (i) and (iii). The differences can be attrib-

uted to distortions in the wind spiral (Fig. 5) produced by the thermal

wind. The effects of stratification are more pronounced than those due

to thermal wind, e.g., the decrease in angle a (from neutral condition)

due to unstable stratification is much greater than that produced by

therial wind (parallel to surface geostrophic wind). Also, the increase

in surface stress due to unstable stratification is relatively greater

than that due to thermal wind alone.

GENERAL COMMKENTS

Questions have been raised about the treatment of the atmospheric

BL as consisting of the surface (constant flux) layer and the Ekman
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layer. Some authors have suggested that the BL be treated as a "single

entity" (Kraus, 1972; Deardorff, 1973). As a consequence, some recent

workers have developed formulations that are applied to the entire depth

of the modeled atmospheric BL, instead of using different parameterixa-

tions for different regions above the surface. Orlaneki et al. (1974)

have presented a simple formulation for K that simulates turbulent

transfer processes over different layers. Their formulation for eddy

coefficient is given by

lo [ + C I Ko•°if AG < 0 (unstable condition)

Ko 0i1 AO > 0 (stable condition)

Here, Ko ,v are constant values of eddy diffusion coefficient and

viscosity, respectively, and Az,AB are, respectively, local values of

the vertical grid size and potential temperature difference across the

grid box. Thus the above formulation has no explicit dependence upon

velocit. 'eformatinn as do those used by Estoque (1963) and others.

Here it is assumed that turbulence in stratified fluids is produced

only by (i) convective instability if the mean stratification is un-

stable, or by (ii) wave breaking for mean stable stratification. In

other words, it is implied that subgrid turbulent fluxes occur only at

those locations in the model where local gravitational instability is

produced by "resolved" flow processes of the model. Although this

formulation does not involve deformation explicitly, it can still model I
turbulence generation caused by shear. Also, numerical experiments by

Orlanski et al. (1974) have shown that, in general, there is no con-

stancy of heat flux with height for the lower 50 m of the atmosphere,

throughout a daytime simulation. They suggest defining "surface layer"

as the layer in which vertical integral of the time variation of temp-

erature over the layer is small compared with the magnitude of heat

flux. They did find, however, that a constant flux layer can be justi-

fied for a few hours (2 to 3) before sunset. They also found that the

9 height of the constant flux layer reaches a minimum after sunrise aad

sunset and a sharp maximum (. 500 m) late in the afternoon.
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Yamamoto et al. (1968) have also sought a formulation applicable

* to the entire BL. As dascribed by Yamamoto and Shimanuki (1966), the

* eddy coefficient K is given by

r, U *- (2.18)

and *the nondimensional wind shear. by

where

cyk I~ U~*

3

laye, Yaamot et l. (968

It may be noted tizat both the formulations for X and involve friction
velocity U* and heat flux U** which are independent of height. Since
this situation cannot be justified observationally in the upper Rkuan

layr, amaot etal.(198)have suggested that if U*is replaced by

('riP) isin Eq. (2.18) and t1~e is replaced by a prescribed variable heat

flux Q - -PC K 36/8z, one can apply the reasulting formulations to the
p

entire BL, as in Eqs. (2.19) and (2.20):

K -k
X kz (2.19)

and

e PC
_0 __P_(2.20)

*3/2

LIMITATIO014 OF K-THEORY

Though still widely used, various problems are associated with

K-theory. Some of these are:
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1. Equations (2.19) and (2.20) imply essentially that the our-

face layer similarity theory has been extrapolated to cover the entire

BL. However, since shear generation of Reynold's stresses can become

locally insignificant, it is not always advisable to modify K-theory

for the entire BL. For example, observations have indicated that shear

generation is important in etably stratified low-level flows, but there

are also indications (Lenchow, 1970) that it can vanish in a strongly

heated BL. Consequently, stresses in such unstable conditions may be

almost independent of small local mean wind shear. In such cases, K

can become extremely large and/or negative aloft in the BL (Deardorff,

1972b).

2. Another important drawback of K-theory is that it allows only

down-gradient transports, which they generally are not when flux is

effected by finite amplitude, relatively large-scale eddies. Thus the

low-level jet--the velocity maximum within the BL--cannot be explained

by any K-type theory.

3. There is ample evidence that under conditions of upward heat
flux the lapse rate within the BL is slightij less than adiabatic, i.e.,ti
the heat flux is countergradient; and Lenchow (1972) has demonstrated

that turbulent momentum fluxes in a heated baroclinic layer may be

locally countergradient above a region where mean wind reaches a maxi-

mum. Deardorff (1972c) has derived a theoretical expression for counter-

potential temperature gradient that can sustain an upward heat flux.

He suggests that heat flux Q may be formulated as

rather than the usual form,

Q -Pp'

Here yCG is a small positive quantity that allows a countergradient up-

ward heat flow. His findings are mainly based on observations of Bunker

(1956), Telford and Warner (1964), Warner (1971), and Lenschow (1970).
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ChapIer 3
SIMILARITY THEORY OF THE WHOLE BOUNDARY LAYER

GNER.M DISCUSSION

When K theories were found rather wanting in BL studies, atten-

tion turned to determining a direct relationship between the geo-

strophic wind and the surface stress (or friction velocity, U,) without

reference to any hypothetical eddy coefficient. These efforts led to

the now well-known "similarity theory," which has been used extensively

in IL studies, e.g., Lettau (1959), Kazansky and Monin (1960), Zilitink-

evich et al. (1967), Ceanady (1972). Gill (1968), Blackadar and Tennekes

(1968), and others.

The similarity theory essentially recognizes that the details of

the constant stress region near the surface cannot be modeled by the

same length scale that characterizes the important features of the

planetary BL. In other words, according to similarity theo-y the

turbulent BL has a distinct double structure (Fig. 6), consisting of

an "inner" (constant stress) layer and an "outer" (Ekman) layer (Clauser

1956).

The similarity theory is based on the hypothesis that, for hori-

zontally homogeneous and stationary conditions, the turbulent regime

Free atmosphere
G, hI, q%

Outer Iayer

.. . •ner layer'

• dr• q - .• - • •v• ;•., ,:Surface

Fig. 6 -'Characteristics of the boundary layer
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is unambiguously defined by the values of the following "external"

variables (so called because each is characteristic of the location

and is external relative to the regime in the boundary layer):

z =rougnness parameter of the underlying surface0

f - coriolis parameter

G - geostrophic wind

- buoyancy parameter
Ie

e h - o0 - difference of potential temperature values at theh o upper and lower limits cf the boundary layer.

The internal characteristics of the bctndary layer are:

friction velocity: U,

(or shear stress at surface): T

angle included by T and G :
0 0 I

the surface heat flux: Qo (or 8*) and

stratification parameter: V.

Each of the external variables is separately a function of aln

the internal variables. These functional relationships are best foimu-

lated in terms of the following nondimensional parameters:

angle a between surface stress T and G
0 0

geostrophic drag coefficient CG -- 2
pG

•0

geostrophic heat transfer coefficient CH pC G- O

The five external parameters zo, f, G, g/6, and AO are used to

form two nondimensional groups of variables such as

L



Surface Rossby Number B R °

0 fz

and

Stability parameter S = & -e fG

Empirical evidence (Deacon and Webb 1962) indicates that water

vapor transfer proceeds by much the same physical mechanism as heat

transfer. Thus the geostrophic moisture transfer coefficient may be

written as

C 0
E pGAq

where E0 is the surface moaiture flux, and

q (qh -qo) is the difference of mixing ratio at the upper

and lower limits ot the BL.

SIM4LARITY THEORY AND PARAMETRIC RELATIONS

According to similarity theory, the di-atusionless velocity and

scalar fields in the BL should be some uniiversaZ functions of

a nondimensional height z z_

kU*
and a nondimensional stability parameter 1 =

where k - von Karman constant

L - Obukhov length = - Uy3

The above similarity parameters are essentially chosen on the

assuaplion that, under all conditions of stability, BL height (h) is

proportional to the height scale U,/f. The constant of-proportion-

ality is considered to be uniquely determined by the stability param-

eter Vi.
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Let us scale the inner layer by z and the outer layer by U,/f.

Let us also assume that the mean velocity, temperature, and moisture,

together with their vertical, derivatives, can be expressed equally vell

Sby the functions appropriate to either the inner or outer region. Also

assuming horizontally homogeneous and stationary conditions, and after

matching the similarity profiles in a common overlapping region, one

can get the following relations:

U 

•_U* ~?t IfIz 0 A(

* k s f(3.1)

Ae 1 l U* - iJe In If 1z U

In - L 1fU 0 - D(V)

Here, Ugo, Vgo are the x and y components of the surface geostrophic

wiud,

e (-U•)is the scaling temperature,

q- ( -2 is the scaling mixing ratio,

aiHm( ) is the surface layer value for the ratio of the eddy

coefficients for heat and momentum irr near-neutral

conditions. According to Businger et al. (1971),

- 1.35 for unstable conditions. I
A(p), 3(p), are the universal nondimensional functions depending

C(p) and D(p)) on the internal parameter Va - kU,/IfIL.

Since Eqs. (3.1) are strictly valid for barotropic conditions,

U and V may be replaced by U and V the geostrophic wind con-go go 9 9
ponents above the surface.
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In the above equations, the unknown internal parameters of the

BL to be determined are the friction velocity, U*; angle a between

surface shear stress and geostrophic wind vectors; 0*, the temperature

scale; and-q, the mixing ratio scale. And these are to be determined

in terms of known external parameters f, zo, buoyancy parameter g/6,

Go, A6, and Aq. The free-atmosphere (large-scale) parameters U, V, e,

and q are considered to be given.

As suggested by Honin and Zilitinkevich (1967) and Clark (1970),

Eq. (3.1) can be invervted to obtain

U 00

g CDo( S) k In i-- (S + BA(S)

Po

V"a tan -1o0 - (n - (S) Signf

(3.2)

Qo kczd.
G Aq C) H o

In "* C D(S)
110/

Equations (3.2) are in such form that they can be used to compute

the internal characteristics U,•, Qo' and Eo if the external character-
istics of the BL, zo, f, Go, A, and Aq are given. Here CD, Ci, CE

are, respectively, the geostrophic drag, heat transfer, and moisture

transfer coefficients. Note that in Eq. (3.2) a bulk-type stability •

parameter, S - (g/O)/(AO/fGo), is used instead of pi (of Eq. (3.1)) be-
s0

causthlatters cont)areins surfce form tes thecat are acualysein Boomugt.
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MODIFICATION OF SIMILARITY THEORY EQUATIONS (EQS. (3.1) AND (3.2))

The formulations described above (Eqs. (3.1) and (3.2)) are valid

for stationary, horizontally homogeneous, diabatic, and barotropic

conditions. These enable determination of surface fluxes in terms of

the surface characteristics and the mean variables evaluated onZy at

the top of the BL. Two important length-scales are involved: the BL

height, h (scaled by U,/f), and Monin-Obukhov length (L). The universal

constants A, B, C, and D are dependent upon the ratio of these two

length scales. Various recent studies (Deardorff, 1972a, 1974; Carson,

1973; and others) have demonstrated that when the stability parameter

h/L is less than 11ite of order -1, h is not related to U,/f. As a

consequence, Eqs. (3.1) and (3.2) have beea modified by replacing U,/f

with h, the actual height of the BL. The value of h itself may be

determined from observations or from a rate equation discussed in de-

tail in Chap. 4. Arya (1974) has independently modified these equa-

tions for the unstable case only, because of great uncertainty in

determining h for stable conditions. This implies that the parameters

ought to be switched in going from the unstable case to the stable.

One can avoid that, however, by using h instead of U,/f for both the

unstable and stable conditions (Zilitinkevich and Deardorff, 1974).

Doing so is not likely to introduce any serious errors in computation,

particularly considering our ignorance of how h be obtained in stable

cases (Melgarejo and Deardorff, 1974).

In view of the above discussion, Eq. (3.1) can be written by re-

placing U,/f with h, the height of the BL. Thus we have

U 1~ [~n h-- - A W1~)
- 0 1

U, - B (1i) Sign f

OU kc L z

(3.3) •

qe k Z i

q* Zo0i
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where 0, kh/L and subscript I has been added to distinguish universal

constants A, B, C, D of Eq. (3.1) from those in Eq. (3.3). Note that

A1 and Bi in the first two equations of (3.3) are reversed in defini-

tion from that of Zilitinkevich and Deardorff (1974).

Silarly, the set (3.2) can be rewritten (by replacing U*/f with h)

as follows:

"- sI k2  un h- - AI +E(~2 -11

(4.1

Si k~~ 2 [j' +o B.L 2
0

jv (0Si)inn i Sign ftand - D(U
z
0

(3.4)

G A/ Hi the si) ien hJ i d (

z0

and t C E ro t n Eq. (
0

Here Si ghAeO/G 2 is the stability parameter. Subscript i distin-

guishes the constants from those in Eq. (3.2). Si may also be obtained

from the formula

h In o - Ci(Si)

LcliII~n-~- A(Si)]

It may be recognized here that the 3tability parameter u = kU,/If IL

(of Eq. (3.1)) and U- M kh/L (of Eq. (3.3)) are not independent, owing

to the presence of L in both. Also, under relatively stationary condi-

tions the variation of L covers a much wider range than that of U*/f

or h.
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Experience confirms that Eqs. (3.2) and/or (3.4) are more con-

venient to use in practice than either (3.1) or (3.3).

EFFECT OF BAROCLINICITY ON WInD PROFILES
AND GEOSTROPHIC DRAG LAW

Equations (3.1) to (3.4) were derived for barotropic BL. This

is perhaps one of the most important factors that cause a large scatter

in data points used in empirical determinations of the stability de-

pendent similarity functions A, B, etc. (Arya, 1974; Melgarejo and
Deardorff, 1974). (The other factors are uncertainties in measure-

ments and effects of accelerations.) Various observations have shown
a large effect of baroclinicity oni wind shear and surface cross-isobaric

angle a 0 Some theoretical studies also have studied the effect of

thermal wind on wind profiles and geostrophic drag laws of the BL, but
most are based on K-theory models (Chap. 2), which suffer from the
serious limitation that they do not consider effect of gcostrophic

shear on values of K or mixing length. Also, K becomes meaningless

for convective conditions, because of mean gradients being close to
zero or of the wrong sign (Deardorff, 1972b and Wyngaard et al., 1974).

Following similarity arguments, Hees (1973) modified similarity

functions Ai and B (see Eq. (3.3)) to incorporate the effect of thermal
wind. He considered the special case of geostrophic shear being con-

stant with height and suggested the use of

and

Ii$i f'

in place of Ai( 0) and Bi( 1i), respectively, in the first and second 4
equations of the sets (3.1) to (3.4). Here T and T are the con-

x y
ponents of the thermal wind invariant with height. Arya and Wyngsard

(1974), through a simple physical model of convective BL, have general-
ized the above concept and expressed the similarity functions Aio and

B as sums of a barotropic part (A1 and Bi), dependent only on theto
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stability and BL height parameters, and a baroclinicity dependent part

(Ai, B,), by using the "more convenient" surface geostrophic wind. Thus

A -A + A'io i i

and Bio B1 + B'

h kU

Here A -, h
i zo U,

kV

and Bt u ._&Sign fSU,

from the first two, equations of (3.3). According to Arya and Wyngaard

(1974) A', BI due to thermal winds are given by

Ai - aM°0 cos 0 0•
l o a

B' - bM% sin 0o

where a and b ae :efici s that depend on the variation of geo-

strophic sheaz , height, and B is the angle between the surface
0

geostrophic shear and the surface wind.

The results of Arya and Wyngaard (1974) show that:

0 Actual wind shears in the bulk of the mixed (convective)@I

layer are small compared with the imposed geostrophic

shear. It is inrc ..i t .. ermine geostrophic shear

simply from the measured wind profile in the upper part

of the BL.

* The flow in the barcclinic mw -4 layer is far from geo-

strophic. The deviations f- , he geostrophic equilib-

rium are most striking just below the inversion base,

and any approach to the former must occur in the stable

layer above.

............................................ V-~
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0 aothe surface cross-isobaric angle, increases toward

the equator, a finding that agrees with observations but

is opposite to the trend predicted by the drag laws of

Zilitinkevich et al. (1967). This variance can be attri-

buted to the use of J,/f as BL height scale instead of h,

the heig-.t of the lowest inversion base.

0 Since the model does not consider an evolutionary BL,

the entrainment effects at the top of mixed layer have

been omitted. Consequently, the level where stress

vanishes and geostrophic flow is attained must be larger

than the estimate for h used in this study. If layer-

averaged geostrophic winds are used, however (as they

are in general circulation models), then use of Ai and

B is considered adequate for describing both barotropic

and baroclinic cases.

DETERMINATION OF THE UNIVERSAL SIMILARITY FUNCTIONS A, B, C,
AND D. AS FUNCTIONS OF STABILITY PARAMETER ii

The universal functions are determined empirically from observa-

tions, or theoretically.

Evaluations of the universal functions A, B, C and D over wide

range of statistics have been provided by Monin and Zilitinkevich

(1967), and Zilitinkevich and Chalikov (1968), who used the Great Plain

data (Lettau and Davidson, 1957). Clark (1970) has also determined

these functions on the basis of observations from south Australia.

Examination of these evaluations has shown that there is too much

scatter and too many differences to permit reliable estimates of the

so-called universal functions. For example, Carson (1972) has compared

the plots of C(p) obtained by Monin and Zilitinkevich (1967) and by

Clark (1970) over a common range of U (Fig. 7). While Clark's curve

is well defined for p < -50 it shows considerable scatter for 0 > 50.

On the other hand, the points used to determine "Russian" C(P) (0

ranges from -50 to +70) show a wide scatter, thereby emphasizing marked

differences between the two curves throughout the common .minge of U

that is important for estimating heat fluxes. Thus there is an apparent
anomalous behavior of C(U) for relatively small values of ip; it can be
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Fig. 7- Variation of similarity parameter C with stability

as suggested by Manin et al. (1967) and Clark (1970)
(Carson, 1972 )

attrIbuted to the violation of restrictive conditions of similarity

theory such as site inhomogeneities, thermal wind, etc. It is also

possible that some spurious effects may be caused by the differences

in determination of the surface fluxes and external variables, espec-

ially the choices of mean flow variables such as eh at the top of the

BL.

The functions A(U), etc. of Eq. (3.1) or (3.3) can be determined

if we know U*, e,, zo, U and V o, AO and Aq. Whereas the empirical
determination of A(U), B(U), Ai(uI), and Bi(li) is relatively straight-

forward, that of C(P)/Ci( W) is quite sensitive to the specification

of Ae(- eh - 0o). Here 08 and eh are the potential temperatures at

z -z and z - h, the top of the BL (the same is true for D(p) or

D (U,)). Zilitinkevich and Chalikov (1968) used a fixed height of 1 km

.J
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for the top of the BL (irrespective of dynamic and stability consider-
ations), and Clark (1970) assumed a level at the maimam in the

U-profile as the top of the BL. It is evident that the former tech-

nique is likely to overestimate 0h (especially if the inversion base

lies below the fixed BL top of 1 kn), and the latter may underestimate

eh because the BL depth in this case is about half of the actual BL

thickness (Businger and Arya, 1974).

Recently, Arya (1974), after reanalyzing the data from the two

sites used by previous investigators, has suggested better estimates

of the universal functioas. Figure 8 shows a comparison of empirical

and theoretical determinations of C(p). It may be seen that whereas

C(P) varies rapidly for the stable (P > 0) case, it shows no non-

monotonic behavior, as is Implied by the results of Clark (1970)

(Fig. 7). However, there is a-till considerable scatter in the data

as p increases; this can be attributed to uncertainty in determing U,,

e5, Ugo Vgo, etc. under very stable conditions. For the unstable

(p < 0) case and for -,A < 50, C(p) shows a continuation of the trend

noticed for the stable case. For -) 2 50, however, the function showss

no trend at all. This implies that either the function approaches a
constant value for moderate to strong instability, or that the rele-

vant similarity parameter for the range is Ut - h/L, not TA - kU,/IfIL.

But as shown by a comparison of C(p) for p < 0 and Ci(Ui) (Fig. 9),

at least in this case the behavior of C does not seem to differ signifi-

cantly v-hen p is replaced by 1ji This result has also been obtained by

Clark and Hess (1973), and thus this study has not established the use-

fulness of h as scale height for aZZ unstable conditions. The very

poor comparison of Csanady's (1967) results (Fig. 8) with empirical
and other theoretical studies can be attributed to his use of a simi-

larity function that is not dependent on stability. This also caused

him to obtain unrealistic results for the surface cross-isobaric angle,

which (in his study) increased in unstable conditions and decreased in

stable conditions--a result quite opposite to observations.

Helgarejo and Deardorff (1974) have determined the similarity func-

tions A(p), B(p), C(U) by using the modified BL similarity theory (Eqs.

(3.3) and (3.4)) in which they have used the observed BL height, h, as
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the physical length scale instead of the conventional U*/f for beth

stable and unstable cases. Their results, as well as the scatter of

data for stability functions, are comparable to those obtained by

conventional analyses. There is some uncertainty, however, about the

use of h as a relevant parameter for stable cases because of the poor

validity of similarity theory on the stable side. In fact, Melgarejo

and Deardorff (1974) think that it does not matter whether h or U,/f is

used for stable situations. For unstable conditions, however, h is

considered more relevant than U,/f because then the external variables

(A0, Aq) can be obtained realistically and applied toward the deter-

nination of surface fluxes. This is an important aspect, specifically

with respect to general circulation models of coarse vertical resolu-

tion. It is also suggested that one may use mean actual wind at h

rather than geostrophic wind, because

0 The results are then applicable closer to the equator, and

0 The procedure for obtaining universal functions A and B

is more analogous to that for determining C (and D).

DETERMINATION OF GEOSTROPHIC DRAG (). HEAT (C)

AND MOISTURE (CE) TRANSFER COEFFICIENTS

An examination of Eqs. (3.1) and (3.3) shows that surface fluxes

are Implicitly involved in the definitions of the similarity parameters.

As a result, these equations are not.quite suitable for computing sur-

face fluxes from the known values of external variables. However,

Clark (1970) has shown that once A(U), B(p), C(U), etc. have been eval-

uated empirically, then an inversion of Eqs. (',.l) and (3.3) results

in relationships (3.2) and (3.4), respectively. And the latter are in

a form suitable for determining internal BL characteristics U,, Qo, E

from known external BL characteristics, namely z , f, G, A8, Aq. For

this purpose, we need external stability parameter S (or S and sur-

face Rossby number R (or h/z ). Clark (1970) has obtained values of
0 0

U,/G, %s e,/Ae, q,/Aq as functions of S and R and plotted them in
0

the form of nomogrqns. By interpolation on these nomograms, U, and ao'

and hence To, Q and Eg, may be readily computed. Figure 10 is an
00 0
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Fig. 10-Nomogram of Uo as a function of Ro and S for near-neutral

and stable conditions based on Wangara data

(Aryo, 1974)

example of a nomogram for the near-neutral and stable case that can be

used to obtain surface stress. It is seen that with increasing sta-

bility U,/G decreases, and its dependence on the surface Rossby number

weakens. Figure 11 shows a corresponding plot of U*/G against Si for

unstable (convective conditions). These estimates are not quite re-

liable, however, because of a large scatter of empirical parameters.

LIMITATIONS OF THE SIMILARITY THEORY

The similarity theory in its original form was based on the follow-

ing simplifying assumptions. The BL was considered to be:
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Fig, II-Saome as Fig. 10 b.,t for u./Go as a function of h/Zo

aWd S1 for convective conditions (Arya, 1974)

• horizontally homogeneous

* barotropic
n neutral

& steady state, and

* with no radiative heat flux.

It is evident that, though the results based on the theory in this

form provided reaoonable insight into the determination of the varia-

bility of BL characteristics, the theory cannot represent the real

atmosphere conditions. Consequently, the similarity theory concepts

have been modified by adding complexities to the determining parameters. A

For example, there are now formulations that include the effects of-.

.4
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0 horizontal inhomogeneity

a thermal wind

0 diabatic stratification.

Introducing these modifications violates the restrictive conditions

of theory, and there is considerable inconsistency in the results based

there are rapid temporal changes. For example, for a diurnal cycle,

*AB (-r e - e ) is usually large during early morning hours (up to about
K 0900 hr) because of still-persisting remnants of nocturnal inversion.

This results in small values f or Q, which cause anomalously large

values of C for small negative values of stability parameters vi (Clark,

1972). The theory is also of doubtful validity in the regions of strong

horizontal discontinuities, such as coastlines.
From the point of view of "universality" of the theory applications, *

the most important drawback is the choice of U*/f for height-scale f or all

stability conditions. It is obvious that this theory (under this stip-

ulation) has no effective use in general circulation models and is out-

right meaningless at the equator. As discussed earlier, however,j

valiant efforts have been made recently to modify the theory to render

it usable for more general purposes.* For example, while the scale

height may be considered to be U*If for stable conditions it is redefined

to be h (the height of the base of inversion) under unstable conditions.

In some cases, doing so perhaps has remedied the large values of C re-

ferred to above. Also, the scale height U*/f has been made a function of

stability with a view to studying diurnal vari.ations of BL character-

istics (Zilitinkevich, 1972; Carson, 1973). There are also suggestions

to use actual wind at h rather than genstrophic wind. However, since

the formulations in this case are based on steady-state similarity

theory, they cannot adequately simulate the "observed" evolutionary

nature of the BL.

Under unstable conditions and especially for marine conditions,

the similarity theory has been considered to be of questionable valid-

ity. The reason is that marine conditions are usually characterized by

inversions (Kraus, 1972), and there is an identical mixed layer f or heat
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and momentum. Consequently, the specification of Ae, the potential

temperature difference between the bottom and top of the mixed layer,

is ambivalent in these circumstances.

The formulations of similarity theory use a quantity x 0 Implying

a local roughness parameter--on a micrometeorological scale--that

varies sharply from point to point over natural surfaces and is de-

termined from towers. This ao is not, in general, identical with a

roughness parameter that should be used in the formula for the large-

scale features. This has led Fiedler and Panofsky (1972) to define

an effective roughness length zx for incorporating surface friction

into large-scale models of the atmosphere. They suggest values for

S of 0.42 a (for plains), 0.99 m (for low mountains), and 1.42 m .

. (for high mount"Ina).

A}&

rj
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Chapter 4

DETERMINATION OF THE HEIGHT (h) OF THE BOUNDARY LAYER

There is increasing evidence that the height h of the BL is the

basic parameter to be used in any BL parameterization. This chapter

discusses the quantitative determination of h using both diagnostic

and prognostic techniques.

DIAGNOSTIC METHODS

In a very detailed survey, Hanna (1969) has discussed various

diagnostic methods of estimating h. He has indicated that for many

years h was estimated on the basis of the classical theoretical models

of Taylor (1915), which predicted that wind velocity approaches geo-

strophic velocity in an asymptotic manner as heights increase. This

implied an estimation o:• h by means of arbitrary criteria, such as that

requiring h to be the level at which the shear of the wind speed first

vanishes. While Blackadar (1962), Lettau (1962), and others have

solved equ'tions of motion-yielding asymptotic wind spirals whose thick-

nesses are functions of arbitrary empirical constants, h has also been

estimated from observed soundings; for example, Charnock and Ellison

(1967) used radiosonde ascents to determine both h and other BL char-

acteristics. The survey also summarizes the various methods for esti-

mating h, together with the tests of their results against the 1953 :
O'Neill BL observations. Table 1 lists some of the methods he con.-

sidered for deteimining h. 4

More recently, Charney (1969) has determined h on the basis of

dynamics of the turbulent motion in the BL. He postulates that h is

determined by Ekman layer instability: the eddy viscosity increases

until the eddy Reynold number is reduced to a critical value. Thus

K
h ef

where f is coriolis parameter and K is the effective eddy viscosity
eI ~determined on the condition that Reynolds number is equal to a criCic~al
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value Rc, which has been found from experiments to be 100 for neutral

conditions. f

The formulations mentioned above are by and large applicable only

to neutral (or near-neutral) conditions. Clark (1970) and Carson (1971)

studied observational data by using a stability dependent formulation

for h given by

U,

where
U,

is a stability parameter. C is a constant of about 0.3. Zilitinkevich

(1972), using the relationship between h and "effective" eddy viscosity,

Ke, has suggested that with increasing instability h increases as 1111

(where p is a stability parameter); and with increasing stability h

deoreases as Ip1h. Using different reasoning, Businger and Arya (1974) g
have also shown that for stable conditions, h varies as jpi-1 . Fig-

ure 12 shows h defined in various ways as a function of stability.

PROGNOSTIC METHODS

In the preceding section we considered the purely diagnostic de-

termination of h. It has been found that, for steady-state and neutral

or near-neutral cases (Hanna, 1969), a large scatter is obtained when

theoretically derived h is compared with profile-estimated depths of

the BL (Fig. 13). Even if h is made stability dependent, the formula-

tions (Carson, 1971; Zilitinkevich, 1972) are totally inadequate for

representing the BL's evoZving nature in real atmosphere. Over land,

daytime observations typically have found h to increase from a height

on the order of 100 m shortly after sunrise to a height of 1 to 3 km

by late afternoon. If Wh < 0 (where Wh is the large-scale vertical

velocity at the top of bounlary layer), then the maximum height reached

may be much less. Similarly, over land at night, h typically increases

from a height on the order of 100 m shortly after sunset to onty 200 to

500 m by early morning. In addition to observations, some recent
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(Hanna, 1969)

theoretical studies (e.g., Deardorff, 1974) have demonstrated the in-

adequacy of a diagnostic formula for calculatin, h. These studies

have also pointed out that over land h generally seems determinable
from a rate equation only. Figure 14 shows that variation of h given

by a rate equation compares favorably with the observed h, whereas the

diagnostic formula is not at all adequate. It may be remarked here !

that, while there is general agrecment regarding the use of a rate

equation for h for unstable/neutr-aZ conditions, there is some doubt
about its use for stabZe conditions. Thus, though Deardorff (1971)

suggests that the height of the nocturnal (stable) boundary layer should

be predicted by a rate equation, Zilitinkevich anA Deardorff (1974)
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believe that a rate equation for the stable case may not be appropriate.

We consider below a rate equation for h that is appropriate only for a

convectively uatablZe BL.

Physical Descriptions of Convectively Unstable boundary Layer

The strong heating of ground by solar radiation causes thorough

convective mixing in the lower part of the atmosphere, which in turn

establishes a mixed layer where potential temperature is virtually

independent of height. It is often observed, however, that the upper

region of the mixed layer is slightly stable. Next to the ground It-

self a shallow superadiabatic layer occurs (S a few tens of meters).

marked by large vertical shears of wind and temperature; here the heat

is predominantly transported by mechanically induced turbulent notions.

Above the mixed layer a deep nontw'butent etabZe layer occurs. Separat-

ing the two, however, is a highly undefined interfacial entrainment J
layer that results from:

(i) Physical overshooting into the stable layer of convective

elements that originate iv the surface layer and continu-

ally intrude into the stable layer, and

(ii) The entrainment of capping stable air into the mixed layer.

Both factors cause an increase in the depth of the mixed layer

(i.e., of h). Figure 15 is a schematic representation of the develop-

ing couvectively unstable BL. The interface entraiument layers vary

widely in depth and character. They are usually represented by step

discontinuity in potential temperature AO (in the e profile) at z h,

the top of the convectively unstable BL.

The other physical processes that affect the growth rate of h are:

"* Horizontal advection at h

"e Large-scale vertical velocity at h

"* Radiative heat flux.
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Fig.15--Schematic representation of the developing
convectively unstable boundary layer

(Carson, 1973)

Though not much is known about the first item, which is perhaps

more predominant over oceans, the second factor (as discussed else-

where) significantly influences BL evolution. A subsequent section

discusses the third factor (radiation), which is especially important

when the BL contains fog or stratus or stratocumulus clouds.

Rate Equation for h for the Unstable Case

Many authors have attempted theoretical time-dependent determina-

tions of h for the atmospheric mixed layer. See, for example, Ball

(1960), Lilly (1968), Lavoie (1968), Deardorff (1972a, 1973a, 1974),

Tennekes (1973), Carson (1973), Stull (1973), and Randall and Arakawa

(1974). These studies have pointed out the impossibility of establish-

ing a stationary state except in very special circumstances. The mixed

layers have been found to continue to deepen unless counteracted by

subsidence or by very special distribution of heating. If an equilibrium

•:• • ':: :':'":•" "l ++ :'+'•l" •" ++ • '•= •, • . :': :• "+• '-"°- .. ... +'+•'• •""+• •-"• .... . . •'+• ;-";::'• +••+>•"
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is established temporarily, its characteristics depend on previous

history as well as instantaneous conditions. Therefore h must be

treated as time-dependent in the unstable case. Lavoie (1968) sug-

geats a prognostic equation for h, namely,

ah ah ah )
S" "h -u -v +(4. 1)

B~h

He assumes that the EL top is a material surface, thereby implying

that there is no ehtmimlet of mass through the BL top from the over- K
lying atmosphere. However, as shown by observations (both in the atmos-

phere and by laboratory experiments), entrainment i critically

important in determining h, and thus Eq. (4.1) has only limited use.

The last term in Eq. (4.1) was added to prevent the development of a

superadiabatic layer at the top of the BL whenever the inversion is

wiped out by heating from below. It is necessary, of course, to ensure

that the physical process represented by this term does not violate ths 1
treatment of the thermodynamic energy equation. I

We now consider a rate equation for h that incorporates the ef- I

fects of entrainment but not a radiative heat flux. The equation may j

be written as I
dh •

wh +w (4.2)

where Wh is the large-scale vertical velocity at the top of the BL and -

WE is the entraimment velocity. As indicated above, entrainment pro- j
vides an Important physical mechanism that leads to deepening of the

BL. The determination of entrainment has been treated both theoreti-

cally (Lilly (1968), Betts (1973), Tennekes (1973), Deardorff (1972a,

1973a, 1974), Stull (1973) and Randall and Arakawa (1974)), and observe-

tionally (Deardorff et al. (1969), Lenachow 1973)). Table 2 shows

formulations used in various theoretical studies of the hoight of the

convectively unstable BL; these formulations are primarily based on

the so-called "Jump" models. It is seen from these expressions that
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entrainment rate depends upon:

Q the downward heat flux at the top of the BL

(AWh the intensity of the inversion
+
y lapse rate Just above the jump, and

h height of the BL

Each is discussed below.

0., the Downward Heat Flux at the Top of the BL. This is an im-

mediate consequence of -he entrainment of warm air into BL. The physi-

cal explanation for the maintenance of downward heat flux at the BL top

can also be seen from a consideration of kinetic energy of turbulence

near the upper limit of the mixed boundary layer, where entrainment

occurs. In general, if the dissipation rate of kinetic energy is neg-

ligible, there must be a flux convergence of kinetic energy to maintain

a downward heat flux. Tennekes (1973) suggests that, on the basis of

dimensions of this flux divergence,

II e0  3
-Qh ffi g - w

where a is the standard deviation of vertical velocity in the BL andw
g/0 is the buoyancy parameter. Also, for a BL in a state of free
convection, when the turbulent kinetic energy is maintained by buoyancy

only,

3
a- AQoI-Lh (4.4)

w 8°\O

(Tennekes, 1970; Deardorff, 1972a and others). Combining Eqs. (4.3)

and (4.4) yields:

-Q AQ (4.5)

a result that agrees well with the experimental data of Deardorff et al.

(1969) for A = 0. 5. Here, parameter A may be considered the measure

. . ._ ." . .
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A

of the degree of interfacial entrainment at h. Equation (4.5) consti-

tutes the closure hypothesis for the entrainment theory at the top of

the BL.

Ball (1960) assumes a value of unity for A which, though not

realistic in the light of the experimental results of Deardorff et al.

(1969), provides a maximum possible entrainment criterion for models

driven solely by surface heating. Lilly (1968) suggests that the mag-

nitude of actual downward heat flux lies somewhere between 0 anl 1.

More recently, Deardorff (1974) and Betts (1973) have used a value of

0.25 for A in their models. Carson (1973a) has suggested that A should

be time-dependent-partly determined by wind shear across the entrain-

ment layer.

(O), * the Intensity of the Inversion. This represents a positive

jump in average virtual potential temperature at h. Lilly (1968)

suggests that the entrainment rate W is inveree74 proportional to
E

(Ae)h. For a realistic determination of W , however, it is extremely

important to consider the time variation of (AO) also. Tennekes (1973)

uses a rate equation for (Ae)h to account for kinematic behavior of

(Ae)h. He postulates that while on the one hand (AB) tends to decrease

as the BL heats up, on the other hand, it tends to increase as the en-

trainment proceeds at h. The resulting equation is

d~ Q, h

d(Ae) W - + (4.6)

The second and third terms combined represent the situation inside the

BL. It can be seen that this use of Eq. (4.6) obviates the problem

inherent in using the formulation

Qh
WE (,Bh (4.7)

(eh

to determine h, as (AO)h ÷ O.

y +, the Lapse Rate of Potential Temperature Jt,-t Above the Jump

at h. Deardorff (1972a, 1974) and Tennekes (1973) have suggested that
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entrainment rate is inversely proportional to lapse rate in the atable

air above inversion. Deardorff (1972a) used this postulate only when

(A0)h approached a certain arbitrary small value. In a later paper

(1974), he regards (AO) as small or uncertain, and evaluates entrain-
h

ment by

1.2 Qo
WE " (4.8)E hy+

Carson (1973) uses y+ to evaluate the intensity of inversion as a func-

tion of parameter A (Eq. (4.5)) and of h that varies with time.

Height h of the Convectively Unstable BL. If h becomes very small,

most of the entrainment formulations listed in Table 2 break down.

Actually, for small h, the dynamics of the surface layer would tend to

dominate that of the entire BL. As a result, it has been considered

advisable to prescribe a lower limit for h. For ei.ample, Deardorff

(1972a) has suggested

hm =z +50z
mn s o

where z is the surface height, and z is the roughness length. Tennekes
5 0(1973) puts hmin at 100 m.

"Interpolation" Rate Equations for Determining Unstable
Boundary Layer Height

We have discussed above the rate equation of h for a convectively

unstable, dry, inversion-capped BL. The physical problems associated

with entrainment are not well understood as yet, and hence most of the

treatments are exploratory. Recently, Tennekes (1973) and Deardorff
(1974) have suggested rate equations for h that are essentially inter-

potation formulations. For example, consider the equation

dh Qh
- Wh (AO)h (4.9)
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Again, if both Qh and (A0)h tend to zero, dh/dt - Wh becomes indeter-

minate. However, Deardorff (1974) found from his numerical experiments

11 that when both Qh and (AB)h become zero,

dh w _ Qd-h Wh 0.2 Z-hQo )/

(4.10)
dh .

wheethe quantity : hQo)1/3 is the mixed layer convective scale.

ohere d W, -=Wo

He derives the following interpolation formula by combining Eqs. (4.9)

and (4.10):

Th Wh 2 (4.11)r+ gW* U~\
t 1 + 0.8 -il

80)

Equation (4.11) prevenits the development of a singularity when

(i) h 0 or -+ 0

(ii) Q -0 and '+ 0

(iii) Qo + 0 but 7 0

Deardorff (1974) tested Eq. (4.11) (with Wh = 0) against 3-D model

values of h as well as against observed and diagnostic values of h

(Fig. 14). The disagreement between observed h and that obtained by

rate Eq. (4.11) and the 3-D model can be attributed to his assumption

of W - 0. Empirical adjustment of the numerical coefficients in Eq.
h

(4.11) may be necessary to obtain accurate results.

Tennekes (1973) has also suggested an interpolation formula to

treat cases in which BL turbulence is maintained by buoyancy as well
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as mechanical mixing. Tus,

e Udh o0 I .* Qo
2.5 h+ 0.2 . (4.12)dt h h(MB)h(

This formula cannot be used if h is too small. Also, for (Ae)h 0,
dh/dt becomes infinite, a physically untenable situation. In that

case a limiting value given by

dhd 0.2 (aw) (4.13)
dtw

should be prescribed for the entrainment velocity. Equation (4.13),

which is similar to Eq. (4.10) used by Deardorff (1974), gives the rate

at which a BL with (A0)h and Y - 0 entrains aloft (Tennekes and Luuley,

1972).

Rate Equation for a Stable Boundary Layer Height

The BL is almost always stably stratified over land at night, when

it is typically much shallower than it was the previous afternoon. As

discussed at the beginning of this chapter, h has evolution character-

istics for the stable case also, though the variations are not as pro-

nounced as convective conditions. It was also pointed out that there

is some doubt about the validity of using a rate equation for h under

stable conditions because BL depth then is usually small (in comparison

with the similarity scale height 0.3 U,/f) and not likely to be much

affected by vertical velocity and turbulence, which are themselves small.

Deardorff (1972a) suggests an interpolation formula between the neutral 4

height of BL and a value of h proportional to Nonin-Obukhov length L.

His formula is

(lf1 -h --1 + f. +U,

where HiT is the height of tropopause. The last term ensures that, for

a neutral condition aL the equator, h does not exceed HT.

'hi
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Alternatively, h can be set at 50 m at the start and then allowed

to increase at a rate proportional to U, whenever surface flux (or

stability) changes sign from positive .to negative.

Despite an uncertainty regarding use of a rate equation for a

stable BL, Deardorff (1971) did determine h for a stable BL by means

of a prognostic equation:

dh
- W - 0.025 U*[ - h/(0.35 U,/f)] (4.14)

dt hUl

The factor In brackets has been included on the supposition that the

similarity theory for a neutral case p::ovides an upper limit to h in

stable atmosphere. Thus

dh W 0.2UMa 1 h 0 ~ (4.15)
0.35

The factor (0.025) in this equation is only tentative and should be

revised on the basis of observations. For example, observations of

Clark et al. (1971) suggest a value of 0.U4 or 0.05. Randall and

Arakawa (1974) have used another version of Eq. (4.15) to predict

boundary layer height for stable conditions"

dh RiB
dWh 0.025 U*x

where RiB is bulk Richardson number and RiC is a critical value of Ri .

According to Deardorff (1972a),

Ric 3.05

RADIATIVE FLUX EFFECTS

Previous sections have discussed a rate equation for h that in-

corporates effects of upward eddy heat flux, large-scale vertical

velocity, and entrainment at the interface between the mixed layer and

the overlying stable atmosphere. These discussions did not consider
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the effect of radiative heat flux on the evolution of h in the presence

of clouds, though the presence of water vapor can be accounted for by

using virtual potential temperature.

Lilly (1968) first put forward a theory that considered ri~diation

off the cloud tops as an essential element. His theory was applied to

a marine boundary layer containing fog or stratus or stratocumulus

clouds typically observed near the California coast, northern Chile,

southern Peru, and southwest Africa most of the year. On the basis

of his theory he concluded that the observed inversion (in the trade-

wind regime) at a height of 500 to 1000 m and with an intensity of

15 to 20*C cannot be sustained without a radiatively effective cloud

cover. This pointed out the imaportance of incorporating radiative

heat flun effects in studying the evolution of a cloud-topped BL. Phys-

ically, for such a BL, strong flux divergence gives rise to strong

radiative cooling (destabilization) at the BL top, which in turn causes

a rise in BL height. Following Lilly (1968), Randall and Arakawa (1974)

L have described the buoyant instability of a cloud-topped BL in some de-

tail. They have derived an expression for entrainment rate that in-

corporates effects of radiative heat flux as well as the presence of

liquid water within the BL. However, according to Lilly (1968), the

choice of' entrainment approximations does not appear to strongly affect

the general character of steady-state solutions.

Whereas the temporal evolution of a clear BL is fairly well known,

that of a cloud-topped BL is still in the speculative stage. In a

cloud-f ree BL, for example, net buoyancy through the BL and kiiý_matic

surface heat flux generally have the same direction (Fig. 16). The

picture is less certain for a cloud-topped BL. it is possible that in
this case net buoyancy and surface heat flux may act oppositely to each

other (Fig. 17). Net buoyancy of the BL can be positive (upward), even

though surface flux is negative (u-fmnward) (Randall and Arakawa, 1974).

Lilly (1968) had suggested this argument on the consideration that while

the cloud layer is maintained in an active turbulent state because of

the release of latent heat there, the sub-cloud layer is characterizedj by a downward heat flux.
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Boundary layer
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Not buoyancy

Surface heat f lux Q0

Fig. 16-Diumal cycle of clear boundary layer
(Randall and Araokwa, 1974)
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Fig. 17- Diurnal cycle of cloud topped boundary layer
(Randall and Arakawa, 1974)
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Mak (1974) has also studied the role of radiational cooling in a

BL. He was motivated by the observation (Lenechow, 1970) that eddy

flux decreases markedly with height throughout the BL. He found that

for t.ypical circumstances in real atmosphere, no equilibrium BL exists

resulting from a balance between eddy heat flux convergence and di- F

vergence of radiative flux, because the latter is relatively too weak

and other factors predominate. However, he found that if water vapor

is mostly concentrated near the surface (in fog, say), an equilibrium

- -BL is possible due to existence of a nearly adiabatic -Iay,,,r overlying

a strongl.y superadirbatic layer. The rapid decrease of sensible heat

flux with height is compensated by corresponding radiational cooling.

Tennekes (1.973) suggests that since radiative heat fluk tends to de-

crease the net heating rate of the BL, it can be parameteri4,2 t:;

making a small reduction in the surface heat flux.

GENERAL REMARKS

This chapter has discussed the determination of.BL height, h, for

both unstable and stable conditions, which are respectively character-

ized by upward and downward surface heat flux. We have considered

both diagnostic and prognostic methods for calculating h. We have

also seen that diagnostic methods are inadequate for describing an

evolving BL. As regards prognostic equations, we have seen that the

large-scale vertical velocity, and the entrainment at the EL, exercise

a determining influence on an unstable cloud-free BL. If the BL has

cloud layer embedded at its top, the radiative heat flux also signifi-

cantly affects h. There is some doubt regarding the use of a prognostic

equation for a stable EL height.

The foregoing discussions have tacitly assumed that the height of

the thermal (mixed) BL is equal to the height of momentum as well as

moisture layers. Not many studies have considered prediction of mo-

mentum BL height independently of the thermal BL height. However,

Deardorff (1973a) has studied the effects of entrainment across a

velocity discontinuity at the top of a convectively mixed BL having a

wind shear above. He found that the entrainment produces large values
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of negative stress in the upper two-thirds of a BL. For a positive

wind shear above the BL, he obtained large positive values for Reynolds

stress in the upper portion of the BL.

A



Chapter 5

ATNSP IC BOUNDARY u AT LOW LATITUDES

GENE"A FATURS
The dynamics of BL flow at low latitudes is not well understood

because of the simultaneous importance of momentum transport by both

turbulent and large-scale motions. Various observational and theo-

retical studies have revealed the followiing salient features of the

atmospheric BL at low latitudes:

1. Momentum advections are important mainly equatorward from

the Intertropical Convergence Zone (ITCZ) (Janota, 1971).

2. The low-level wind vector generally rotates with height, and

this is mainly controlled by the height variation of the horizontal

pressure gradient (Gray, 1968; Estoque, 1970).

3. Advective accelerations, associated with the rapid latitud-

inal variation of coriolis parameter, are important in the BL between

the equator and a narrow latitudinal transition (Mahrt, 1972a).

4. BL depth is relatively thin and varies slowly with latitude

even near the equator; surface cross-isobar angle increaaes towards

the equator and the cross-isobar flow increases with height through-

out the BL (Mahrt, 1972a; Kraus, 1972).

5. Moisture, in general, is predominantly confined to the lowest

levels near the surfane, and thus the BL is essential in the thermo-

dynamics of (low-latitude) circulation systems. This was pointed out

by Charney and Eliassen (1964) who, via the CISK theory, postulated

that the BL provides moisture convergence for latent heat release in

the free atmosphere, which in turn enables the latter to induce upon

the boundary layer a pressure field conducive to the low-level flow

convergence. However, the application of CTSK theory has suffered

because of lack of knowledge of BL dynamics in the low latitudes, par-

ticularly advective accelerations.

6. The ITCZ, in a climatological sense, is a narrow east-west

band of vigorous cumulonimbus convection and heavy precipitation that

forms along the equatorward boundary of the trade-wind regimes. (The
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picture is more complex when viewed at Qny particular instant in time.)

ITCZ is a unique conv~ctive feature directly related to the tare..-

soaoe cirrulations in the atmosphere and also to the properties of the

oceanic mixed layer (i.e, the sea surface temperature) (Pike, 1970).

Also, because of the persist.nt cloudiness associated with ITCZ, radia-

tion fluxes are important even though the meridional extent of ITCZ is

small.

7. A "critical" latitude concept has been put forward to explain,

theoretically, the development of IICZ or a mean convergence sone

(Holton at al., 1971; Mahrt, L972b). This concept assumes that the

depth of the Skman layer depends on the frequency of the wave disturb-

antes in the BL, with a 8sinQuZarty at that latitude et which wave

frequency is equal to the coriolis frequency. The range of "critical

latitude" corresponding to this frequency band is 6* to 7, which is

close to the most frequent ITCZ position.
8. The idea of critical latitude also has been suggested by ob-

servations, though on different considerations from those noted above.

For exayple, Janota (1968), on the basis of detailed observational
analysis, pointed out that flow characteristics change near 40N and

that the EMman character of the BL vanishes south of that latitude.

9. There have been various attempts to replace Ekman-type param-

eterization of EL convergence with the critical latitude concept

(Yamasaki, 1971; Hayashi, 1971). They all treat a BL with a top at

or around 900 tob. However, observations (Wallace, 1971; Reed and

Racker, 1971) have shown that only 10 to 30 percent of the synoptic

scale convergence takes place below 900 mb.

10. BL depth in the neighborhood of ITCZ has no clear definition

because, with increasing convection, clouds penetrate the stable in-

version layer and the fluxes generated at the surface may reach up to

the high troposphere. In these regions (low latitude), convective

activity generates a vertical circulation that couples sea-surface

processes with the upper levels of the atmosphere.

11. Budget studies of cloud clusters embedded in trade winds and

ITCZ (Janota, 1971; Yanai et al., 1973, and others) have shown that

mean large-scale vertical velocity is directed upward throughout the
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entire troposphere. Because there is more mass transport in clouds

as compared with the mean large-scale mass flux, there is a compensat-

ing sinking motion in clear areas between clouds that reaches its

maxima at cloud base (Ogura and Cho, 1973; Yanai et al., 1973). Thus

for strongly convective situations (in low latitudes), the stable tran-

sitional layer .Just below cloud-base level acts as an upper barrier for

turbulent transports in clear areas between clouds.

PARAMETEIZATION OF THE BOUNDARY LAYER IN LOW-LATITUDE REGIONS

It is now well known that low-latitude regions are characterized

by deep convection of subsynoptic scale. Thus, if that convection

significantly influences large-scale circulations, ard if the processes

in the BL have a determining Influence on the development or decay of

the deep convective systems, then it is obvious that any large-scale

model must include parameterization of BL processes in terms of large-

scale variables.

Several different types of BL have been devised--for instance,

those based on K-theory (Estoque and Bhumralkar, 1969; Yamamoto and

Shimanuki, 1966, etc.), on similarity theory (Kazanski and Monin, 1961;

Blackadar and Tennekes, 1968; Zilitinkevich, 1969, 1970, and others),

and so-called "entity" models (Deardorff, 1973; Tennekes, 1973; Orlanski

et al., 1974, and others). But none of these parameterization schemes

is specifically designed to treat the problem of the low-latitude un-

stable, baroclinic, inhomogeneous, and transient atmospheric BL com-

monly found in these regions. Furthermore, simple application of the

existing models is highly unlikely to be feasible, at least not until

they are improved and refined on the basis of a better physical under-

standing of BL processes in low latitudes.

With this in view, the Global Atmospheric Research Programme

(GARP) has undertaken a Boundary-Layer Subprogramme (BLSP) for the

GARP Atlantic Tropical Experiment (GATE), whose objectives have been

described in GATE Report No. 9, December 1973. The basic approach of

the BLSP is to use existing para.ieterization schemes as a basis for

the experimental programme. One goal is to improve those models by
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0 Testiug the assumptions of each scheme, and

* Determining the importance of physical processes not

yet incorporated in the models.

It is evident that any model of the low-latitude BL must neces-

sarily consider the problem of the dynamics at low latitudes, where

the coriolis parameter changes significantly, eccelerations affect

the boundary structure, and cold ocean water generates strong baro-

clinity kAoeber, 1974). Also, the most important question relating

to the intera'.tion between the mixed layer (usually found in oceanic

low latitudes) and Zhe cloud layer has to be considered.

Recently, Deardorff (unpublished) has developen a paraaeteriza-

tion scheme -pecifically for the low-iatitade BL. His scheme is based

c'i the general method suggested by Deardorff (1972r', Betts (1973),

Tennekes (1973), and Carson (1973) for the clear-skies case and by

Lilly (1968) for the case of solid stratocumulus overcast. However,

he has extended this method to apply to conditions of partiaZ cumulus

cloud cover (with bases at the top Gf the transition layer), which is

nore usually prevalent in low latitudes. He has expressed the entrain-

ment velocity (W in Chap. 4), large-scale vertical velocity at the
• 

"U

top 'n the BL (Wh), and net radiative heat flux from cloud edges and

top, tn terms of fractional cloud cover. Tests of his modified param-

eterization scheme have generally given realistic results; e.g.,:

* Cloud-induced subsidence controls the growth of the mixed

BL;

* Cloud-base height stays just above the top of the mixed

k layer;

* Sea surface temperature and large-scale vertical motior

variations control r:he height of the raixed layer, cloudi-

ness, and other properties;

0 A vertical velocity (subsidence) of 2 cm/sec at a height

of 1 km is sui.icient to cause the ecoiplete disappearance

of convective clouds.
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Some of Deardorff's findings,,. especially the one regarding the

role of sinking motion, have also been obtained through much simpler

models that treat the mixed layer as a slab (Geisler and Kraus, 1969). 4

The "slab" model computations have shown that the mixed layer continues.'
to deepen unless the atmosphere counteracts entrainment by subsidence. 4

The larger the sinking motion, the smaller the buoyancy forces and the

shallower the mixed layer. Large subsidence (typical of low-latitude

regions) also results in a large deviation of the BL wind from the

gcostrophic wind. The model equations of Geisler and Kraus include a

drag coefficient whose increased value causes the mixed layer to deepen

because of the enhanced generation of turbulent energy. This in turn

causes enhanced entrainment of potentially warm air with a geostrophic

value of momentum from above. However, because of increased air-sea

interaction (caused by increased drag coefficient) the mode]., in sub-

stance, yields larger ageostrophic wind and lower temperatures in the

mixed layer.

A-
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Chapter 64

ATMOSPJ1E!IC BOUNDARY LAYER (ABL) OVER OCEANS

The underlying surface of the atmosphere strongly affects atmos-

pheric processes. Heat transfer and friction, both highly variable

in space and time, are especially significant. The atmospheric bound-

ary layer (ABL) is therefore important in studies of general circula-

tion, particularly the ABL over oceans, which cover 71 percent of the

earth's sur(fc.a and predominate in tropical low-latitude regions.

ConsequentlAy, Chap. 5 is by and large applicable to marine boundary

layers also; this chapter, however, deals exclusively with BLs over

the sea.

The following are the two essential physical differences between

ABL conditions over the ocean and over land.

1. Roughness. For continents, whose land surface is almost

totally fixed, we can consider roughness as characteristic I
of the surface itself and independent of the flow. The

roughness of oceans is determined by interactions of the

turbulent motions of air and water and is therefore vari-

able (see Eqs. (2.9) and (2.10) in Chap. 2).

2. Storage of heat. Compared with temperature variations over

land, the temperature of water surface does not change

appreciably. Also, the dominant daily variation between

strong instability and stability over land is nearly absent

over sea; the stability or instability of the marine BL is

determined predcminantly through advection.

It is difficult to describe the turbulent structure in the marine

ABL because the sea surface permits only a time-space statistical de-

scription, and atmospheric turbulence and the state of the sea interact.

The state of the sea cannot be described simply as a local phenomenon

due to waves 'raveling out of the generating area into other regions
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far from their origin. In fact, some scientists (Hasse, 1970) believe

that the above interactions make it hopeless to try to parameterize

turbulent transports in a marine ABL.

However, Clark (1970) suggested a simplified approach to param-

eterize an oceanic BL. He avoided the difficulties of modeling air-

sea interaction by assuming a constant sea-surface temperature and a

variable roughness parameter, z . Otherwise, his model equations were• 0

the same ones he used for the ABL over land (see Chap. 3 above).

M4onin and Zilitinkevich (1970) considered the parameterization of a

marine ABL with respect to large-scale atmospheric processes on the

assumption that the wind and wave fields are mutually consistent

(adapted). They defined an analog of local Reynolds namber (R ) for

the water surface by using U2/g as a scale for measuring height; and

instead of considering the conventional roughness length, they used

an effective roughness length given by

2

z -C (R)
e g F(w

where C is a coefficient depending on R . Similarly, they expressed
F w

differences of temperature (AO) and moisture (Aq) between the surface

value and the mean value (within the BL) as

F -

Aa qC (R)
Fq w

CFOV CFq being coefficients depending on Rw" They regarded the sea-

surface water temperature as constant, on the consideration that oceans

have extremely large heat inertia. Perhaps they did so because they

could not determine sea-surface water temperature by solving a heat

balance equation at the sea surface. Recognizing that in reality the

knowledge of coefficients CF, C F, CFq is very poor indeed, they,

following Charnock (1955), specified
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C F -0.035

and

P0 Fq 3

Pandolfo (1970) has described a nonlinear numerical model of the

atmosphere-ocean BL that represents a complex local theory for the

study of the vertical structure in the marine ABL. However, it is

necessary to prescribe horizontal gradients if the model is to incor-

porate the effects of horizontal advection. The model uses eddy ex-

change coefficients (for dependent variables) that are functions of

vertical gradients of velocity, temperature (both in atmosphere and

ocean), humidity (in atmosphere), and salinity (in ocean). The model

equations consider the effect of ocean currents on the momentum source

terms.

Radiative flux convergence is incorporated as a temperature source

term for computing both the air and water temperatures. The most im-

portant deficiency of the model appears to be requirement of some ex-

plicit form of stability and wind-wave dependence of eddy coefficients,

which Is not known at all.

Hasse (1970) has also parameterized stress, heat, and moisture

fluxes in the ABL at sea by using a cirag coefficient dependent upon

stability. However, this parameterization holds only as long as there

is no damping of turbulence due to strong stability, which can occurI

over inland seas and in coastal regions with cold water. Also, drag

coefficients are uncertain for higher wind velocities and thus the

determination of transports in strong wind regimes is uncertain.

J,
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Chapter 7

HIGHER-MOMENT APPROACH TO BOUNDARY-LAYER MODELING

GENERAL DESCRIPTION

A three-dimensional numerical model of Deardorff (1972b) has

shown considerable capability of supplying many fine details of BL

turbulence structure. The model parameterizes the subgrid Reynolds

stresses by means of nonlinear eddy coefficients--a technique proven

inadequate in the treatment of a stably stratified layer overlying a

well-mixed convective layer. We have seen that the magnitude of the
eddy coefficient for heat (in these conditions) proves too large near
the top of the BL, and thus excessively smoothes out the temperature

jump so evident in natural situations. This problem has been handled

by Wilhelmson aid Ogura (1972), who use an eddy coefficient term in

the equation of temperature deviation from the mean state, but apply
no diffusion to the mean state. There are some other limitations and

uncertainties in using the eddy coefficient to parameterize subgrid

scale fluctuations; above the surface layer, for example, the magni-

tude of the eddy coefficiest and its dependence upon stability are
generally not known. (Other limitations were discussed in Chap. 2.)

To overcome the problems associated with lowest-order (K-theory)

closure assumptions, a higher-moment model has been suggested by

Donaldson (1972). His approach is to use 8ubgrid transport equations,

and thereby obviate the need to parameterize subgrid (Reynolds) stresses

and fluxes. In this technique, mean motion and turbulence are separ-

ated in a manner usually employed in treating BL flow but, in addition,
the equations for mean velocity and temperature are combined with

equations for higher-order statistics, s-ich as variance and covariance,

and the resulting equations contain triple products. It may be recog-

nized that for a detailed 3-D numerical study of the BL, the use of

higher-moment theory involves equations for 15 independent variables

(9 components of velocity gradient tensor, 3 components of the temper-

ature gradient, and 3 components of the moisture gradient). These 15

equations are in addition to a set of three velocity componen:s,

~i
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temperature, moisture, and pressure. (For typical examples of equa-

tions for subgrid Reynolds stresses or fluxes, see Deardorff (1973;

1974), Donaldson (1973).)

Experimentation with higher-moment closure theory is in its very

early stages, and most of the studies have used only second-moment

equations for generalized subgrid stresses and fluxes. Several prob-

lems must be resolved before this technique can be used successfully

in BL research--especially for the stable BL. Some of the problems

are:

"• Ad hoc relationships between third-order terms and

gradients of second-order terms are assumed. As a

consequence, in some models (Donaldson, 1972), more

undetermined quantities have to be introduced with

the equations.

"* Closure assumption uses a height-dependent mixing

length that must be assumed (Donaldson, 1972). This

assimption has been avoided in some cases by taking

a representative grid scale (A) as the relevant length

scale in determining the magnitude of subgrid scale

quantities. In doing so, however, the constants asso-

ciated with terms stemming from pressure fluctuation

correlations must depend upon the grid aspect ratios

Ax/Az, Ay/Az, when the latter are not unity (Deardorff,

1973). Presently, not much is known about this

dependence.

• The 15 equations for stress and fluxes require computer

storage at each grid point and for at least one past :1
time increment. The complexity of these equations in

finite difference form increases the burden on com-

puter requirements. Deardorff (1974) indicates that

his 3-D model using higher-moment closure assumptions

consumes 2-1/2 times as much computer time as it would

if eddy coefficients were used instead. To reduce

computer requirements, a steady-state nonadvecting
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observation of the equations has been suggested, but

this version is not self-consistent and tensor-

invariant.

APPLICATION OF HIGHER-ORDSR MODELING TO

THE ATMOSPHERIC BOUNDARY LAYER

Current experimentation in applying the invariant higher-order

(second-order) closure model of turbulent shear flow to the ABL is

still in its early stages. So far Donaldson (1972, 1973), Deardorff

(1973, 1974), and Wyngaard et al. (1974) have published their research

in this connection. Deardorff (1974) has studied a heated (well-mixed)

BL numerically in a 3-D model using 64,000 grid points (within a volume

5 km x 5 km x 2 km) by using subgrid transport equations in place of

eddy coefficient formulations. His results compare very well with

Wangara data from southeast Australia (Clark et al., 1971). This

model suggests that the momentum BL coincides with the mixed (thermal)

BL during the hours of solar heating of the surface; in other words,

he finds invalid the concept that, within the mixed layer, the stress

vanishes at the lowest height at which the corresponding wind-shear

component vanishes. Wyngaard et al. (1974) also use a higher-order-

closure model to model the convective BL. They have shown that al-

though coriolis forces cause large production rates of shear, the

mechanism associated with meav wind shear prevents the stress level

from becoming large. They aver that, in absence of thermal wind, the

stress problems are essentially linear regardless of wind direction.

Higher-order closure models have not yet been applied in atmos-

pheric general circulation models, essentially because of prohibitive

computer requirements.
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